The aim of this study is to examine a novel drop culture model using a biologically inspired self-assembling peptide: hydrogel (RAD16-I, also called PuraMatrix), which produces a nanoscale environment similar to native extracellular matrix (ECM) for a cell line weakly adherent to a plastic surface during cell culture. Our work investigates quantitatively analyzing discoidin domain receptor (DDR) 1-mediated protein interactions between collagen type I and matrix metalloproteinase (MMP)-2 or -9, as well as cell invasion, using, as a scaffold, PuraMatrix, a novel peptide hydrogel. Results demonstrate that the dynamic cell culture technique produced a highly stable reharvesting of cells throughout the constructs with HP-75, human pituitary adenoma cell line when compared to the traditional seeding methods. Secretion of MMP via collagen type I was observed quantitatively in the supernatant (EC50; MMP-2, 50.4 ng/ml: MMP-9, 57.6 ng/ml). In PuraMatrix gel impregnated with 50 ng/ml of collagen type I, transfection of the vector encoding full-length DDR1 or siRNA targeting DDR1 up-or downregulated respectively secretion of MMP-2 and -9, and cell invasion. Our results show that incorporation of this peptide with each ECM component provides a more permissive environment to elucidate ECM to cell signal interaction.
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InTroDucTIon
The extracellular matrix (ECM) not only supports tumor cells during angiogenesis and/or cell invasion, but also acts to create a microenvironment of defined oxygen concentration, pH and glucose that is likely to influence cells. 1 Indeed, recent work has identified cross-talk between the ECM and various intracellular signaling cascades. These pathways are mediated by cell surface receptors, which could be good targets for research in cell invasiveness. [2] [3] [4] The discoidin domain receptors (DDRs) are a novel class of receptor tyrosine kinases that bind to several collagen subtypes and stimulate matrix metalloproteinase (MMP) secretion from normal epithelial cells of the bones, skin, urogenital tract, lung alveoli and mammary glands. [5] [6] [7] [8] [9] [10] Although DDR to MMP signaling cascade has been considered as a crucial signaling pathway for cell invasion in several tumors, to our knowledge, no optimal in vitro invasion model has been established. Standard methods, such as tumor spheroid or haptoinvasion assay with Boyden chamber, have been utilized usually with typical scaffolds of Matrigel or gel of each subtype of collagen, derived from natural resources. [11] [12] [13] [14] [15] Therefore, due to the effects of various ECM components on signaling events, it is very difficult to design controlled experiments for ECM-based cell signaling. It is also difficult to gelatinize nanoor picogram quantities of collagen or the other single ECM component alone. Meanwhile, our ability to maintain stable cell density throughout experiments is limited when using several cell lines that do not have consistent adherence to culture flasks. Our last study indicated that examination of in vitro cell adhesion to collagen types I, II, III and IV with respect to MMP-2 and -9 expression revealed that DDR1 regulated cell adhesion to collagen type I, which was responsible for accelerating secretion of MMP-2 and -9. Briefly, DDR1 mediates cell invasion-related signaling between collagen type I and MMP-2 and -9 in HP-75, human pituitary adenoma cell line. 10 In the present study, we generated DDR1 over-and under-expressing tumor cell lines and examined their invasiveness and signaling characteristics. Here, we sought to develop a system for quantitatively analyzing DDR1-mediated protein interactions between collagen type I and MMP-2 or -9, as well as cell invasion, using as a scaffold PuraMatrix a novel peptide hydrogel that 3-D Culture in Peptide Hydrogel has nano-fiber nature and functionalized self-assembling peptide scaffolds (Genove, 2005 #36) .
mATerIAls AnD meThoDs
Cell culture. The HP-75 human non-functioning pituitary adenoma cell line was purchased from the American Type Culture Collection (ATCC, Manassas, VA) and routinely cultured in DMEM (BioWhittaker, Cambrex Corp., Nottingham, UK), containing 15% horse serum (TCS Cellworks, Buckingham, UK), 2.5% fetal calf serum (Life Technologies, Paisley, UK), 0.05% (w/v) glutamine, 100 mg/ml gentamicin and 100 IU/ml penicillin (hereafter called culture medium), at 37°C in a humidified air atmosphere containing 5% carbon dioxide. Cells were maintained in T-75 flasks (Nalge Nunc International, Rochester, NY), the culture media was exchanged twice weekly, and sub-confluent cells were passaged, using 0.05% trypsin/0.02% ethylenediamine tetra-acetic acid (EDTA). Each cell line was passaged three times prior to use in experiments.
Cell proliferation assay. Cell proliferation was examined on plastic 96-well plates (Nalge Nunc International, Rochester, NY) or type-I collagen-coated 96-well plates (BD Biocoat Collagen I Cellware; BD TM Biosciences, San Jose, CA), using the CellTiter 96 Aqueous One Solution (Promega, Tokyo, Japan). Cultured HP-75 cells were detached, plated at 20,000 cells/well and cultured overnight to allow attachment to the well surface. Each well was then treated with 40 ml CellTiter 96 Aqueous One Solution Reagent, the plates were incubated at 37°C for 4 hours, and absorbance was recorded at 490 nm using a 96-well plate reader (Bio-Rad, Tokyo, Japan).
Determination of the matrix metalloproteinase content in the supernatant was done using an Elisa method, HP-75 cells (1 x 10 4 ) in 1 ml of serum-free medium were cultured overnight on plastic, collagen type I-, collagen type IV-, Matrigel-, or gelatin-coated 6-well plates (BD Biocoat Cellware series, BD TM Biosciences, San Jose, CA). Supernatants were collected and processed for ELISA detection of MMP-2 or -9 expression in the media, using the RayBio® Human MMP-2 and -9 ELISA Kits, according to the manufacturer's instructions (RayBiotech Inc., Norcross, GA).
Pre-staining cells. HP-75 cells were pre-stained prior to drop culture, using the Q-Tracker 565 Cell Labeling Kit (Quantum Dot Corp., Hayward, CA), allowing us to observe cell plating efficiency or cell invasion in the drop cultures.
Cell sorting and cell density analysis by flow cytometry. Cultured cells were harvested by trypsinization and subjected to flow cytometric cell sorting (FACScalibur; BD TM Biosciences, San Jose, CA) with proper gating, as shown in Figure 1 . Cells (1 x 10 4 ) were centrifuged at 2000 rpm, and each cell pellet was resuspended in 10 ml of culture media and cultured in 500 ml of hydropeptide gel (0.5% PuraMatrix / 5% sucrose in ddH2O) that had been previously gelatinized overnight. The cells were then harvested from this drop culture, vortexed, centrifuged at 2000 rpm for 2 minutes, and then washed twice with PBS. Cell density was counted by flow cytometry using the same gating protocol.
Generation of cell lines over-or underexpressing DDR1. For generation of HP-75 cells over-expressing DDR1, the full-length human DDR1 cDNA (Accession No. NM_013994; ORFEXPRESSShuttle Clones; Invitrogen, Tokyo, Japan) was inserted into a CMV expression vector (pReceiver-M01; Invitrogen, Tokyo, Japan) using XmnI, XmnN and NotI digestion, along with T7 ligase (Takara Co, Kyoto, Japan). The viral packaging E. Coli (One Shot OmniMAX Chemically Competent E. Coli; Invitrogen, Tokyo, Japan) was transformed with the CMV viral construct using a standard heat-shock method. For subcloning, transformed E. coli cells were incubated overnight on LB agar containing ampicillin, single colonies were picked, and inoculums were incubated overnight in a shaking incubator at 37°C. The plasmid vector was purified using the PureLink HQ Mini Plasmid Purification Kit (Invitrogen, Tokyo, Japan), and transfected into HP-75 cells as described above.
For generation of HP-75 cells under-expressing DDR1, we designed short interfering ribonucleic acids (siRNA) targeting DDR1. Beginning with the AUG start codon, we scanned the DDR1-encoding gene for the AA dinucleotide pair, using the online tool http://www. ambion.co.jp/techlib/misc/siRNA_finder.html. We then assessed each AA pair and its adjacent 19 nucleotides as potential siRNA target sites. We excluded any target sequence with significant homology to other human genes, and selected target sequences as close as possible to the medial portions of the mRNA, to improve siRNA-based degradation of mRNAs. The selected double stranded RNA pairs were synthesized by B-Bridge International (Tokyo, Japan), along with a scrambled RNA duplex (sequence non-specificity confirmed by BLAST), which was used as the negative control (siRNA targeting to; DDR1 (accession number, NM_013994); 5'-GGGAUGGACUCCUGUCUUA, Scramble; 5'-GCGCGCTTTGTAGGATTCG). For siRNA transfection, 4 ml of transfection reagent (siFECTOR; B-Bridge International, Tokyo, Japan) was added drop-wise to 200 ml serum-free medium (Opti-MEM; Invitrogen, Tokyo, Japan), and the mixture was vortexed thoroughly and incubated at room temperature for 20 minutes. Cell proliferation assay and ELISA study to compare cultures on coated wells. The cell stain intensity is substantially lower in samples cultured overnight on uncoated wells versus samples cultured on collagen type I, suggesting an inconsistency in background cell density. Consistent with this, duplicate cell proliferation assays show that the density of cells grown on uncoated plastic was less stable than that of cells grown on collagen type I-coated plastic. Furthermore, MMP-2 levels are higher in the supernatants from cells grown on collagen type I versus those grown on uncoated plastic. Enhancement of MMP-2 secretion and large standard deviations are also seen in cells grown on other extracellular matrix (ECM) components, making it very difficult to determine whether collagen type I specifically enhanced MMP-2 secretion, or whether this effect is triggered by the general addition of an ECM component. Error bars denote SD. DDR1-targeting siRNA or the positive or negative controls (5 ml each) were added in 1X universal buffer (20 mM KCl, 6 mM HEPES, pH 7.5, 0.2 mM MgCl2), and the tube was incubated at room temperature for 20 minutes. Six-well plates in which 1 x 10 5 cells/well had been allowed to adhere for 24 h in 1 ml of culture media/well were washed twice with PBS, and each well was treated with 800 ml of complete growth media and 200 ml of siFECTOR/ siRNA complex (added drop-wise) for a final siRNA concentration of 50 nM. The plates were incubated at 37°C for 24 hours in a humidified 5% CO 2 chamber. For assessment of the siRNA transfection efficiency, transfected cells were labeled with the LabelT siRNA Tracker Intracellular Localization Kit (Mirus, Madison, WI). Over 95% transfection efficiency was detected (data not shown), and cell density was maintained following transfections. Transfection efficiency was confirmed by real-time RT-PCR (data not shown).
3-D culture in PuraMatrix gel. HP-75 cells (1 x 10 4 ) were collected by flow cytometry, centrifuged at 2000 x g, and suspended in 10 ml of culture media. The cell suspension was cultured as a drop culture in PuraMatrix gel (0.5% PuraMatrix, 5% sucrose in ddH 2 O) (Fig. 2) impregnated with a concentration gradient of collagen type I ranging from 0.01 to 4000 ng/ml. MMP-2 or -9 secretion in response to each concentration of collagen type I was measured by ELISA as described above.
In gels containing 50 ng/ml of collagen type I, we compared MMP-2 and -9 secretion among cell lines over-or under-expressing DDR1, along with those exposed to the control scramble siRNA, mock transfection (transfectant only), and empty vector transfection. Briefly, the various cells were sorted by flow cytometry, pre-stained with Q-Tracker 565, and then 1 x 10 3 cells in 1 ml of culture media were drop cultured for three days in PuraMatrix gel impregnated with 50 ng/ml of collagen type I, along with 1 ml of serum-free culture medium. Cell invasion was observed by fluorescence microscopy at 2x magnification (IX71-ARCHEVA, Olympus Co., Tokyo, Japan) or by laser confocal microscopy at 40x magnification (FM1000, Olympus Co., Tokyo, Japan). Three-dimensional cell invasion was evaluated as comparison of horizontally maximal expansion of prestained cell suspension in the drop culture at day 3 vs. day 0.
Statistical analysis and imaging. Groups were compared using the Mann-Whitney test. A probability (p) value less than 0.05 was considered to indicate statistical significance. All statistical analyses were performed using the GraphPad Prism version 4.02 software package (GraphPad Software Inc., San Diego, CA). The sigmoidal dose-response equation used to obtain the EC50 value was Y = Bottom + (Top-Bottom)/(1+10^(logEC50-X)), where X is the logarithm of concentration and Y is the response, starting at the bottom and going to the top with a sigmoid shape. For imaging analysis of cell invasion, the Image-Pro Plus version 4.5 (Media Cybernetics, division of Nippon Roper, Tokyo, Japan) was used to evaluate the fluorescence microscopy data. Results are given as means +/-standard deviation. All data are representative of at least three independent experiments.
resulTs
When we first sought to examine whether highly quantitative measurements could be done with standard methods, we tested our (A) Improvement of the experimental system by using flow cytometric cell sorting followed by drop culture in a peptide hydrogel (PuraMatrix; 3-D Matrix, Tokyo, Japan); this strategy was intended to maintain a steady cell density in the presence or absence of the various test components. (B) SEM study showed the nanofiber-structure.
3-D Culture in Peptide Hydrogel
experimental system to confirm the stability of matrix metalloproteinase (MMP) protein levels in the supernatant. Unexpectedly, we noted that the intensity of cell staining was substantially lower in samples cultured overnight on uncoated wells versus samples cultured on collagen type I, suggesting non uniformity in background cell density. Consistent with this, duplicate cell proliferation assays revealed that the density of cells grown on uncoated plastic was less stable than that of cells grown on collagen type I-coated plastic (0.703 +/-0.185 and 0.934 +/-0.035, respectively). Furthermore, MMP-2 levels were higher in the supernatants from cells grown on collagen type I (8.468 +/-0.963 ng/ml) as compared to those grown on uncoated plastic (1.946 +/-1.751 ng/ml). Enhancement of MMP-2 secretion and large standard deviations were also seen in cells grown on other extracellular matrix (ECM) components (collagen type IV, 5.384 SD +/-1.068 ng/ml; Matrigel 6.686 SD +/-1.214 ng/ml; gelatin 5.704 +/-0.921), making it very difficult to determine whether collagen type I specifically enhanced MMP-2 secretion, or whether this effect was triggered by the general addition of an ECM component (Fig. 1) . Thus, using the standard experimental methods, we were: 1) unable to obtain a stable background cell density for reproducible measurement of supernatant protein levels, and 2) unable to separate the effects of collagen type I from that of other ECM components contained within the standard scaffold materials (Matrigel or gelatin). Thus, we feared we might not be able to examine collagen type I-DDR1 signaling kinetics by testing secretion of MMP-2 or -9 into culture supernatants. Even if we cultured cells on wells coated with each ECM component individually and studied the signaling kinetics, we feared that it would be impossible to establish rigorous controls unless we were able to individually gelatinize nanogram to picogram concentrations of these ECM components. Therefore, we sought to improve our experimental system by using flow cytometric cell sorting ( Fig. 2A) followed by drop culture in a peptide hydrogel (PuraMatrix; 3-D Matrix, Tokyo, Japan); this strategy was intended to maintain a steady cell density in the presence or absence of the various test components, while allowing very small concentrations of ECM components to be tested. SEM study of PuraMatrix disclosed nano-pore structure of the gel (Fig. 2B) . Indeed, we found that drop culture in the gel yielded stable secreted concentrations of MMP-2 throughout three exchanges of serum-free culture media over seven days. Similarly, the cell density in drop cultures remained consistent as compared to that of sorted cells cultured on uncoated 6-well plates (Fig. 3) . When we tested the effect of various concentrations of collagen type I in the drop culture experimental system, we found that MMP-2 or -9 secretions were enhanced by collagen type I, with a dose-dependent response that reflected a sigmoid curve. The EC50 values of MMP-2 and -9 were 50.4 ng/ml and 57.6 ng/ml, respectively (Fig. 4) . In PuraMatrix gel impregnated with 50 ng/ml of collagen type I, transfection of the vector encoding full-length DDR1 or siRNA targeting DDR1 respectively up or downregulated secretion of MMP-2 (full-length DDR1, 31.61 +/-6.15 (p < 0.005); siRNA, 2.51 +/-0.650 (p < 0.005); control, 12.34 +/-1.42) and MMP-9 (full-length DDR1, 1.00 +/-0.09 (p < 0.005); siRNA, 0.14 +/-0.06 (p < 0.005); control, 0.60 +/-0.13). In contrast, the control scrambled siRNA, mock transfection and empty vector transfection experiments had no such effect (Fig. 5) . These results indicate that collagen type I enhanced MMP-2 and -9 expressions mediated by DDR1.
We then examined 3-D cell invasion in PuraMatrix gel, using a comparison of maximal horizontal expansion on day zero versus day three. Our results revealed that the presence of PuraMatrix gel alone did not significantly attenuate cell invasion (102.34+/-6.88%), whereas the presence of 50 ng/ml collagen type I in the experimental system significantly enhanced cell invasion (366.96 +/-42.51%; p < 0.001). Transfection of cells with the vector encoding full-length DDR1 or siRNA targeting DDR1, followed by drop culture in the presence of 50 ng/ml collagen type I significantly up-or downregulated cell invasion, respectively, compared with cells cultured in PuraMatrix gel with 50 ng/ml collagen type I alone (full-length DDR1, 686.02 +/-56.31%, p < 0.001; siRNA, 156.01 +/-22.60%, p < 0.001). In contrast, the control scrambled siRNA, mock transfection or empty vector transfection had no such effect (Fig. 6 ).
DIscussIon
It is well known that several cell lines do not adhere efficiently to plastic well bottoms, making it difficult to maintain a consistent cell density for some in vitro studies. 16 When using Western blot or PCR-based experiments, this inconsistency can be usually compensated for by using an internal standard (i.e., GAPDH or b-actin). 17, 18 In contrast, ELISA-or zymography-based studies are directly dependent on the background cell density, and are not amenable to normalization via internal controls. 19, 20 Hence, reproducibility in quantitative analyses for secreted protein from poor adherent cell lines is not reliable. The current study proposes a quantitative analysis with drop culture in Puramatrix, showing that components of ECM can influence MMP secretion. Due to the effects of various ECM components on signaling events, it is very difficult to design controlled experiments for ECM-based cell signaling using typical scaffold materials such as soft agar, orthotopic organ slice, 21 Matrigel, collagen subtypes or other ECM components. [22] [23] [24] [25] [26] [27] Matigel is the reconstituted basement membrane matrix that is derived from the Englebreth-Holm-Swarm (EHS) mouse tumor. It provides a robust, functional model for the multifactorial cascade of tumor metastasis, but its major component is laminin, followed by collagen IV, heparan sulfate proteoglycans, entactin and nidogen. 28 Therefore interactions between each ECM component and the tumor cell can hardly be elucidated. To harvest cells embedded in soft agar, heat treatment is required. 29 Moreover, it has also proven difficult to gelatinize < 1 mg/ml concentrations of Matrigel, collagen subtypes or other ECM components (e.g., fibronectin and vitronectin) in corpore. In the current study, we establish an optimal culture and cell invasion model with Puramatrix that clearly overcomes the problems that are usually associated with those traditional scaffolds that are derived from natural resources.
A class of designed self-assembling peptide nanofiber scaffolds with more than 99% water content has been shown to be a good biological material for cell culture. Here, we report the convenience of a peptide scaffold, RAD16-I (PuraMatrix) (AcN-RADARADARA DARADA-CONH2), by direct solid phase synthesis extension at the amino terminal with three short-sequence motifs to study cell proliferation and cell invasion. In the present study, findings with SEM study showed the nanofiber-structure that can prevent slipping out of the cultured cells and also allow secretion molecules from cultured cells within the gel into the supernatants. This motif is found in two major protein components of the basement membrane, laminin 1 (YIGSR, RYVVLPR) and collagen IV (TAGSCLRKFSTM). Both components have been previously shown to keep specific biological activities including endothelial cell adhesion, spreading, and tubular formation. [30] [31] [32] Our results indicate that this peptide is useful for studies targeting cell invasion with consistent cell density. Secretion of MMP into the supernatant can be detected but the embedded tumor cells were captured into the peptide mesh of 20 to 200 nm in diameters with micropore and not mobilized to the supernatant. 30, 33 Past studies have shown that this peptide scaffold enhances the formation of confluent cell monolayers of human aortic endothelial cells (HAEC) in culture. Moreover, additional assays designed to evaluate endothelial cell function showed that HAEC monolayers obtained on this scaffold not only maintained LDL uptake activity but also enhanced nitric oxide release and elevated laminin 1 and collagen IV deposition. 31 Taken together, these results suggest that this new scaffold provides a better physiological substrate for stable but dynamic cell culture and suggest its further application for biomedical research, cancer biology and regenerative biology. In this study, PuraMatrix appears to be a promising scaffold for investigation of ECM-based cell signaling, as 3D cultures can be impregnated with minute quantities of the various ECM components. Cells grown in drop culture in peptide hydrogel (PuraMatrix) also showed Figure 4 . Effect of collagen type I on MMP-2 or -9 secretion. Analysis of the effect of various concentrations of collagen type I in the 3-D culture experimental system shows that MMP-2 or -9 secretion is enhanced by collagen type I, with a dose-dependent response that reflected a sigmoid curve. The EC50 values of MMP-2 and -9 were 50.4 ng/ml and 57.6 ng/ml, respectively. Bars denote SD. Figure 5 . MMP-2 or -9 concentration after transfection. In PuraMatrix gel impregnated with 50 ng/ml of collagen type I, transfection of the vector encoding full-length DDR1 or siRNA targeting DDR1 respectively up-or down-regulates secretion of MMP-2 and MMP-9. In contrast, the control scrambled siRNA, mock transfection and empty vector transfection experiments have no such effect). These results indicate that collagen type I enhanced MMP-2 and -9 expressions mediated by DDR1. Bars denote SD. *; p < 0.005 versus control. stable cell densities. We are convinced that this method will allow determination of growth factors or other molecules (i.e., MMPs) from cell culture supernatants.
All tumor tissues are embedded in a 3-D microenvironment in the body. However, nearly all cancer and tumor cells have been studied in 2-D dishes, multi-well plates, or glass slides, sometimes coated with various substrates. The usual architecture of the in situ circumstance of tumor cells in a living organism is in 3-dimensions, they are in close proximity to ECM, which may have many unknown extracellular ligands involving many types of collagens, laminin, the other matrix proteins, and occasionally directly attach to the normal parenchymal cells or the vascular vessels. 34 This extracellular space allows access to oxygen, hormones, and nutrients. 35, 36 The normal 3-D environment of tumor cell is a complex network of ECM nanofibers with nano-pores. Therefore, oncologists have a strong desire to examine tumor cell behaviors in a 3-D environment and to elucidate signaling cascades between extracellular space and intracellular signals. Because past reports indicated that Puramatrix does not elicit a noticeable immune response, nor inflammatory reaction in animals, the degraded products can be reused by the body, they may be also useful as a bio-reabsorbable scaffold to repair organs. [37] [38] [39] [40] Using this nanofiber system, every ingredient of the scaffold can be defined and tumor cells can be made to reside in a 3-D environment in which ECM receptors on the cell surface can freely bind to the ligands on the peptide. Tumor cell can behave and migrate in a truly 3-D manner. This study also shows an improvement over traditional cell culture methods when non-uniform densities are observed. We conclude that PuraMatrix can be a promising novel scaffold candidate for examining ECM-based signaling events and/or generating new tumor invasion models, overcoming the regular problems associated with the standard scaffolds of Matrigel and collagen.
